The number of atom-atom contacts in long distance can fit to the experimental binding energies in a dataset containing 151 experimental data with the correlation coefficient about 0.68. Based on this factor, a set of distancedependent empirical potentials for various types of short-distance (2.4 Å-5 Å) contacts was obtained by guided fitting, i.e. a set of two parameters fitting. Incorporation of these short-distance potentials improved the correlation coefficients to 0.881.
INTRODUCTION
How to estimating the free energy change in proteinprotein binding is an important problem to understand protein's functions. Chothia and Janin [1] found that the binding energies are directly related to the buried surface areas in complex forming. The importance of hydrophobic interactions was emphasized [2] [3] , while the importance of polarity and charge must also be considered [4] . In recent investigations, the binding energies are always decomposed into various terms, contributed from static electronic energies, desolvation energy, confomational entropy [5] [6] , or hydrophobic, hydrophilic surfaces and atomic pairs [7] [8] . Based on our recently collected dataset of protein-protein binding energies, here we present an empirical method for estimating the protein-protein binding energies. First we found that the numbers of atom-atom contacts, TAC, in a longer distance (2.4 Å -14 Å ) are a good zeroth order estimation for binding energies, then we get a set of distance dependent potentials for short-distance atom-atom pairs by guided fitting: a series of two parameter linear fittings.
MATERIALS
All of the protein-protein (peptide) complexes and the experimental affinities are collected by web searching and checked by original literatures. For complexes, which are recorded more than once in the asymmetric unit of a crystal or in different crystals, average values of the multiple interfaces are used. Altogether, the dataset contains 151 binding energies (see Supplemental Materials for details).
METHODS AND RESULTS
The total number of atom-atom contacts, TAC, is the number of atom-atom pairs cross the interface with atomatom distances in range 2.4 Å ~ r e , or in a "shell" from r e -0.6 Å ~ r e + 0.4 Å, for a specific value of r e . The results of *Address correspondence to this author at the Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China; Tel: 86-10-64855592; Fax: 86-10-64871293; E-mail: zzh@ibp.ac.cn linear fitting of TAC to binding energies are listed in Table 1 . It is worth noting that when r e > 9 Å, the correlation coefficients of TAC with experimental binding energies, G, reach higher values, but when r e > 14 Å the correlation begin to drop down. If we regard the atom-atom contacts with distances in the range 2.4 Å ~ 14 Å as long-distance contacts, then we can say that TAC in long-distance of protein-protein complexes play a major role in determining their binding energies.
If we regard the fitting result of TAC as a good zeroth order approximation to G, then we can try to get higher order approximations by guided fitting in the following way.
Firstly, the protein atoms are classified into 15 types (Table 2), as in CHARMM force field [9] , therefore there are 120 types of atom-atom contacts. Denote AC n (r) as the number of atom-atom contacts of type n within the distance from r to r + 0.1 Å, then the short-distance-dependent potential SDP n (r) is obtained as the parameter b, in the linear two parameters fitting of a ·TAC + b ·AC n (r) with the experimental binding energies G (In all the fittings, the range of atomatom distance is fixed to 2.4 ~ 14 Å for calculations of TAC). Then, for a specific complex, the contributions to the binding energy from long-distance contacts are supposed to be proportional to TAC, while contributions from shortdistance atom-atom contacts (SDAC) are supposed to be proportional to 120 r end
Finally, by methods of two parameters linear fitting, the predicted binding energy can be expressed as (Fig. 1) . 
DISCUSSIONS AND CONCLUSION
The total atom-atom contacts, either in a larger range, e.g from 2.4 Å to 14 Å, or in a shell, e.g from r e -0.6 Å ~ r e + 0.4 Å with r e = 10 Å, 12 Å, or 13 Å, display moderately high correlations to the experimental G. This illustrates that the numbers of contacts in different shells represent a common quantity, which essentially reflects the extent of contacting in a complex. As has long been known that binding energies are related to the buried surface areas [1] , we also have checked the latter's behavior in our dataset and found a slightly lower correlation of 0.62 (data not shown). This is in agreement with the above interpretation of TAC as reflecting the extent of contacting, but TAC contains more features, e.g. the tightness and complement of the interface.
As listed in Table 1 , the number of atom-atom contacts in short-distance alone does not fit to the experimental data, but its importance is exhibited after classification of the atomatom contacts and trained by method of guided fitting. The guided fitting can be looked upon as a way of getting the expanding coefficients of the binding energies on terms of short-distance contacts. These expanding coefficients give the relative importance of contributions from various atomatom types of short-distance contacts. As there are many types of atom-atom types, whereas still less than the number of experimental data, we feel that much more experimental data are needed to go deeper into the core of the problem. At present we can confidently say that the incorporation of the short-distance atom-atom contacts in a proper manner will greatly improve the estimation of protein-protein binding energies.
In conclusion, the analysis on 151 experimental proteinprotein binding energies revealed that, the single quantity, i.e. the total number of atom-atom contacts in long-distance, either in a larger distance range or in a distance shell of shorter width, alone gives a moderately high correlation coefficient to the experimental binding energies. The contributions from short-distance contacts can be estimated by the method of guided fitting in the form of a set of distancedependent potentials. Incorporation of the contributions from short distance contacts results in a correlation coefficient of 0.881, which greatly improved the fitting of atom-atom contacts to the experimental binding energies.
